LysR-type transcriptional regulators (LTTRs) generally bind to target promoters in two conformations, depending on the availability of inducing ligands. OccR is an LTTR that regulates the octopine catabolism operon of Agrobacterium tumefaciens. OccR binds to a site located between the divergent occQ and occR promoters. Octopine triggers a conformational change that activates the occQ promoter, and does not affect autorepression. This change shortens the length of bound DNA and relaxes a highangle DNA bend. Here, we describe the crystal structure of the ligand-binding domain (LBD) of OccR apoprotein and holoprotein. Pairs of LBDs form dimers with extensive hydrogen bonding, while pairs of dimers interact via a single helix, creating a tetramer interface. Octopine causes a 70° rotation of each dimer with respect to the opposite dimer, precisely at the tetramer interface. We modeled the DNA binding domain (DBD), linker helix and bound DNA onto the apoprotein and holoprotein. The two DBDs of the modeled apoprotein lie far apart and the bound DNA between them has a high-angle DNA bend. In contrast, the two DBDs of the holoprotein lie closer to each other, with a low DNA bend angle. This inter-dimer pivot fully explains earlier studies of this LTTR.
DBDs of the modeled apoprotein lie far apart and the bound DNA between them has a high-angle DNA bend. In contrast, the two DBDs of the holoprotein lie closer to each other, with a low DNA bend angle. This inter-dimer pivot fully explains earlier studies of this LTTR.
LysR-type transcriptional regulators (LTTRs) are ubiquitous regulatory proteins found in many bacterial species as well as some archaea and eukaryotes (Schell, 1993; Maddocks and Oyston, 2008; Momany and Neidle, 2012) . Some species of bacteria encode over 100 LTTRs, more than any other class of regulators (Momany and Neidle, 2012) . LTTRs positively regulate a wide variety of genes, most of which encode catabolic or biosynthetic functions. In many cases, these proteins positively regulate one promoter in an effector-responsive manner, while they negatively autoregulate a divergent promoter in an effector-blind fashion. At least nine published studies provided evidence that is consistent with the idea that LTTR apoproteins can bind their promoters as tetramers that cause a long DNase I footprints and a high-angle DNA bend, while the corresponding holoproteins can cause a shorter footprint and lower angle DNA bend, described in more detail below (Wang et al., 1992; Hryniewicz and Kredich, 1994; Toledano et al., 1994; Parsek et al., 1995; Ogawa et al., 1999; Clark et al., 2004; Ezezika et al., 2006; Porrua et al., 2009; Dangel and Tabita, 2015) .
Several LTTRs have been studied by X-ray crystallography. Full-length structures are available for OxyR of Pseudomonas aeruginosa (Jo et al., 2015) , CbnR of Ralstonia eutropha (Muraoka et al., 2003) , TsaR of Comamonas testosterone (Monferrer et al., 2010) , PA0218 of P. aeruginosa (PDB id 3FZV, unpublished) , BenM and CatM of Acinetobacter baylyi (Ezezika et al., 2007b) , ArgP of Mycobacterium tuberculosis (Zhou et al., 2010) , CrgA of Neisseria meningitidis (Sainsbury et al., 2009) and AphB of Vibrio cholerae (Taylor et al., 2012) . The ligand binding domains (LBD) of several other LTTRs have also been reported (Tyrrell et al., 1997; Choi et al., 2001; Quade et al., 2011) and unpublished, PDB id 2QSX and 3KN3) . LTTRs are composed of an N-terminal DNA binding domain (DBD) approximately 60 residues in length and a C-terminal LBD approximately 200 residues in length that are connected by a helical linker approximately 30 residues in length (Muraoka et al., 2003; Maddocks and Oyston, 2008) . Both the DBD and the LBD dimerize, but in a rather surprising way in that no two subunits can dimerize along their entire lengths (Smirnova et al., 2004; Sainsbury et al., 2009; Monferrer et al., 2010; Ruangprasert et al., 2010; Zhou et al., 2010; Taylor et al., 2012) . Dimerization of both domains of a protein therefore can only occur when two dimers form a tetramer.
Several structural studies have attempted to describe the mechanisms by which LTTRs interconvert between active and inactive forms in response to inducing ligands. Some studies have compared the structures of apoproteins with those of holoproteins, while others have compared the structures of wild type proteins with those of constitutive mutants (see below). However, none of these studies has provided compelling insight about how ligands drive conformational changes needed to activate transcription. In particular, none of them satisfactorily account for the ligand-responsive changes in footprint and DNA bend angle that have been observed of many LTTRs.
OccR is an LTTR that is encoded by the Ti plasmid of the plant pathogen Agrobacterium tumefaciens, an alphaproteobacterium that is well known for the ability to carry out horizontal gene transfer to higher plants (Habeeb et al., 1991; Mehrotra and Goyal, 2012) . During plant colonization, the bacterium transfers fragments of oncogenic DNA (T-DNA) into the nuclei of host cells, where these fragments are integrated into the plant genome (Bourras et al., 2015) . Some transferred genes direct the proliferation of the host cells, causing a tumor, while other transferred genes direct the synthesis of compounds called opines that serve as nutrients for the colonizing bacteria (White and Winans, 2007) . One opine, octopine, is synthesized in plant cells by reductive condensation of arginine and pyruvate and is catabolized in bacteria by the reverse reaction. The genes that direct the bacterial uptake and catabolism of octopine are located in a 13 gene operon (Fig. 1A) on a non-transferred portion of the Ti plasmid (Fuqua and Winans, 1996) . This operon also includes the traR gene, which encodes a quorum sensing regulator of the LuxR family (Fuqua and Winans, 1996) . The transcription of this catabolic operon is induced by octopine and requires OccR (Habeeb et al., 1991) . A. OccR holoprotein activates a 13 gene operon that directs uptake and catabolism of octopine-type opines and includes traR, a quorumsensing transcription factor. OccR also autorepresses. B. A portion of the intergenic region between occQ and occR, showing the PoccR and PoccQ promoter elements (underlined). The Recognition Sequences (RS1 and RS2) and Activation Sequence (AS) are also shown. Dyad repeats at RS1 are depicted in red. C. Previous biochemical experiments showed that the OccR apoprotein binds a 55 nucleotide region that includes RS1 and RS2, causing a sharp DNA bend and a nuclease-hypersensitive site at the center of the bound DNA. OccR holoprotein binds a 45 nucleotide region that includes RS1 and AS, and causes a low-angle DNA bend. Only the holoprotein can activate the occQ operon, while both the holoprotein and apoprotein autorepress occR. Curved white arrows represent a putative pivot of one LBD dimer with respect to the other dimer. [Colour figure can be viewed at wileyonlinelibrary.com]
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OccR controls transcription of two divergent promotors, denoted PoccQ and PoccR (Fig. 1B) . It activates transcription of the occQ catabolic operon and autorepresses the divergent occR gene (Habeeb et al., 1991) . Activation of the catabolic operon requires octopine, while autorepression is not affected by this ligand (Habeeb et al., 1991) . OccR binds as a tetramer to an intergenic region between occR and occQ (Wang et al., 1992) . The binding site contains three sequences, designated RS1, AS and RS2, which are centered at 64, 43 and 33 nucleotides upstream of the occQ transcription start site respectively (Fig. 1B) . Site RS1 provides virtually all of the binding affinity, and has an eight nucleotide dyad symmetry (Wang and Winans, 1995a) . The apoprotein binds to RS1 and RS2, while the holoprotein binds RS1 and AS. The apoprotein, therefore, protects a 55 nucleotide region against DNase I and causes a high-angle DNA bend, while the holoprotein protects a 45 nucleotide region that has a lower angle bend ( Fig. 1C) (Wang et al., 1992; Wang and Winans, 1995a; 1995a) . OccR binds the interior angle of these DNA bends (Wang and Winans, 1995b) . Since our reports of this ligand-responsive footprint and DNA bend, at least eight papers have appeared demonstrating or suggesting that this may be a general property of LTTRs (Hryniewicz and Kredich, 1994; Toledano et al., 1994; Parsek et al., 1995; Ogawa et al., 1999; Clark et al., 2004; Ezezika et al., 2006; Porrua et al., 2009; Dangel and Tabita, 2015) . These studies are summarized below.
OccR detects a rather broad range of inducing ligands. We previously showed that octopine synthase uses a wide variety of amino acids as substrates, in each case reductively conjugating them to pyruvate (Flores-Mireles et al., 2012) . These amino acids include arginine, cysteine, methionine, histidine, lysine and glutamine, as well as the nonproteogenic amino acids S-methyl-methionine, homocysteine, canavanine and ornithine. Other amino acids, including glycine, are utilized with lower efficiency. Importantly, all of these opines can be detected by OccR as inducing ligands (Flores-Mireles et al., 2012) .
In the present study, we describe the structures of the OccR LBD in the presence and absence of its ligand. Binding of this ligand caused a large (70°) pivot between subunits in a way that fully accounts for the ligand-responsive change in footprint length and DNA bend earlier reported for this protein.
Results

Structure of the LBD of OccR
The LBD of OccR was crystallized in the presence and absence of octopine. In both cases, each subunit is composed of two halves, LBD1 and LBD2, which are connected by two loops ( Fig. 2A and Sup. Fig. 1A; this nomenclature is adapted from that used for CbnR [Muraoka et al., 2003] ). Both domains are composed of αβα sandwiches with a Rossmann-like topology. LBD1 includes five β strands that form a sheet. This sheet is flanked on one side by α-helix α7 and on the other side by α5, α6 and α13. LBD2 also contains five β strands that form a somewhat twisted sheet. This sheet is flanked on one side by α-helices α11 and α12, and on the other side by α8, α9 and α10. LBD1 and LBD2 are joined by two loops, one between β6 and β7 and the other between β11 and β12. A deep cleft is found at the interface between LBD1 and LBD2; this cleft provides a ligand binding site (Fig. 2B ). This architecture resembles those of other LTTRs (see Table S1 of the Supplmentary Information), and as noted elsewhere these structures are reminiscent of the family of extracellular solute binding proteins (Momany and Neidle, 2012) .
Two LBDs form a dimer with non-crystallographic twofold rotational symmetry (Fig. 3A , subunits A and B form a dimer, while subunits C and D form a second dimer). The β4 strand of each subunit hydrogen bonds with β9 of the opposite subunit (Fig. 3B) . This has the effect of extending the β sheets to include 10 strands each (Sup. Fig. 1B ). These interactions are further stabilized by hydrogen bonds between Glu217, Ser219, Thr223 and Ser226 of one subunit and Val122, Leu124, Gly126, Ala102 and Asn103 of the opposite subunit (Fig. 3B ). These six hydrogen bonds are found on each half of the interface, for a total of 12 hydrogen bonds per dimer, thus firmly anchoring these subunits to each other. 
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We did not expect the OccR LBD to form higher order oligomers, as the formation of tetramers was thought to require the DBD and linker. To our surprise, LBD dimers contacted each other in a way that strongly resembles the contacts seen in several homologous proteins. Specifically, each protein dimer contacted a second dimer at helix α10 (Fig. 3A) . At this interface, there were no direct hydrogen bonds and only one water-mediated hydrogen bond (Fig. 3C , red lines). Instead, we observed a large number of hydrophobic interactions between Met201, Glu204 and Val205 of each subunit (Fig. 3C , blue lines). We show below that upon binding of octopine, interaction between these helices remains in place and that pairs of OccR dimers pivot at these helices. The lack of hydrogen bonds may indeed facilitate this rotation. tetramer. Two dimer interfaces are shown between strands β4 and β9, while a single tetramer interface is shown at helix α10. B. Half of the dimer interface, showing hydrogen bonds between subunits at strands β4 and β9 as well as between helices α6 and α11. Hydrogen bonds are found between Glu217 (backbone amine) and Val122 (backbone oxygen, 2.7 Å), between Thr223 (hydroxyl) and Ala102 (backbone oxygen, 3.5 Å), between Thr223 (hydroxyl) and Asn103 (hydroxyl, 2.4 Å), between Ser226 (hydroxyl) Asn103 (backbone oxygen, 3.0 Å), between Leu124 (backbone amine) and Glu217 (backbone oxygen, 2.6 Å) and between Gly126 (backbone amine) and Ser219 (hydroxyl, 2.8 Å). The same hydrogen bonds occur on the symmetric face of each dimer for a total of 12 hydrogen bonds in each dimer interface. A. Surface view of bound octopine. The pyruvyl moiety is exposed to solvent, while the arginyl group, and especially its gaunido group is more deeply buried in the binding pocket. B. Electron density map of bound ligand. All ligand molecules have similar quality density (not shown). C. Hydrogen bonds between the two carboxyl groups of octopine and Ser129, Ser130, Ser221, His222 and the backbone of Ala100. D. Hydrogen bonds between the guanido group of octopine and Asp147, Asp238 and Asp261. These interactions help to account for the rather broad ligand specificity of OccR, as all octopine analogs with basic groups are strong inducers (Flores-Mireles et al., 2012) . 
The octopine binding site
When the protein was crystallized in the presence of octopine, each subunit bound one molecule of this ligand at a site similar to the ligand binding sites of other LTTRs (Fig. 2B) . The arginine moiety of the ligand, and especially its guanido group, were deeply bound within the binding pocket, while the pyruvyl moiety was more solvent-exposed (Fig. 4A) . The pyruvyl group formed a direct hydrogen bond with Ser129 and a water-mediated bond with Ser130, both of which lie on helix α7 of LBD1 (Fig. 4B) . The second carbonyl group of octopine (derived from arginine) formed hydrogen bonds with Ala100 (helix α5) and Ser221, and a water-mediated hydrogen bond with His222 (helix α11). The guanido group of octopine formed direct hydrogen bonds to Asp238 and Asp261, and a water-mediated hydrogen bond to Asp147 (Fig.  4C ). Asp147 also bonded to the remaining nitrogen atom of octopine. The positions of Asp147, Asp261 and Asp238 near the guanidino group may help to explain the ability of OccR to detect a broad range of octopine analogs including pyruvyl derivatives of lysine, ornithine, canavanine, S-methylmethionine and homoarginine (Flores-Mireles et al., 2012) . All of these compounds, like octopine, have strongly basic moieties. OccR more weakly detects pyruvyl derivatives of histidine, methionine, glutamine, glycine and cysteine, which lack positive charges in their R group.
Binding of octopine causes a significant movement in several segments of OccR. Helix α7 and α11 are drawn toward octopine, while helix α5 and α10 are pushed away (Fig. 5A ). Two loops that flank helix α10 also undergo large movements. One of these loops contains Thr195 and Thr197, which cause this loop to undergo a large movement away from octopine to avoid a steric clash (Fig.  5A ). The same movement occurs in all four subunits. The movement of helix α10 and its flanking loops may directly lead to a large-scale rotation between OccR subunits (see below).
Octopine binding causes a large rotation at the putative tetramer interface
Figures 5B and C show that binding of octopine is accompanied by a large rotation of subunit C with respect to subunit B. In comparing these two figures, the orientation of subunit B was held constant. In comparing the apoprotein (Fig. 5B ) with the holoprotein (Fig. 5C ), one can see an approximately 70° rotation of subunit C in response to ligand. This can perhaps best be visualized using α-helix α13 of subunit C as a reference (in red). In the apoprotein (Fig. 5B) , this helix partially obscures other parts of the protein, while in the holoprotein (Fig.  5C ), the helix is itself obscured. Importantly, all of subunit C makes precisely the same 70° rotation with respect to subunit B.
In Fig. 5B and C, subunits A and D are not shown. However, as stated above, subunit A is tightly bound to subunit B, while subunit C is tightly bound to subunit D. As a consequence, the entire dimer composed of subunits A and B pivots approximately 70° with respect to the dimer containing subunits C and D. The two dimers pivot with respect to each other, and the axis of this pivot lies precisely at helix α10. Consequently, subunits A and D of the apoprotein make significant contact, while in the holoprotein all contacts between subunits A and D are lost (Fig. 6 ). In the holoprotein, subunits B and C contact each other only at helix α10 (Fig. 6) .
The octopine-induced movement of helices and loops described above also occur at subunits A and D (data not shown). Our model of the full-length OccR (see below) predicts that helix α10 and flanking loops of subunits A and D may contact helices α4 (the linker helix that connects the LBD and the DBD). In particular, octopine causes the loop containing Thr195 and Thr197 to move outward toward the C-terminal end of helix α4, causing a possible steric clash. It seems plausible such contacts could somehow impact the overall conformation of the full-length apo-and holoprotein, though it is not possible at this point to make specific predictions.
A model of full-length OccR with and without effector
The crystal structure of the full-length OccR is not yet available. However, the DNA-binding domain of a homologous protein, BenM of A. baylyi, has been co-crystalized with its DNA binding site (PDBID 4IHT) (Alanazi et al., 2013) . We used the BenM structure to model the homologous domain of OccR and its DNA binding site (Fig. 7A ). In this model, the C termini of the linker helix dimer lie 42.6 Å apart.
We used this structure to model the full-length OccR protein with its DNA binding site. The structures of several other LysR-type proteins predict that OccR should "cross dimerize," that is, if the LBDs of A and B form a dimer, then the DBD of subunit A should dimerize with that of subunit C, while the DBD of subunit B should dimerize with that of subunit D (see Fig. 1C ). The structures of the domain and bound DNA, using the homologous regions of BenM as a template (Alanazi et al., 2013) . B and C. Models of full-length apoprotein (B) and holoprotein (C). All four DBD and linker helices are depicted in green. For clarity, in comparing the two figures, the upper DNA fragment and subunits A and B (light blue and dark blue) were fixed in position to more clearly visualize the movement of the lower DNA fragment and the rotation of subunits C and D (orange and red). B. The apoprotein binds RS1 and RS2, protecting a 55 nucleotide region against DNase I (with a DNase hypersensitive site midway between RS1 and RS2), and causing a high-angle DNA bend. OccR occupies the interior angle of this bend (Wang and Winans, 1995b) . C. In the holoprotein, one dimer remains at RS1, while the other dimer shifts by 10 nucleotides from RS2 to AS, thereby shortening the binding site, abolishing the DNase I hypersensitive site and decreasing the angle of the DNA bend. This model fully accounts for earlier genetic and biochemical studies of this protein (Wang et al., 1992; Wang and Winans, 1995a; 1995a; Winans, 2002a, Tsai et al., 2011) . [Colour figure can be viewed at wileyonlinelibrary.com]
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OccR LBD support this idea, as the modeled OccR DBD and linker domain can be positioned between the LBDs of subunits A and C with no steric hindrance, and same is true for the LBD of subunits B and D. All other pairs of LBDs are either sterically blocked or their amino termini are too close together (6 Å for subunits A and D) or too far apart (72 Å for subunits B and C).
We, therefore, positioned the C-termini of the modeled OccR DBD and linker helix (residue 91) adjacent to the N termini (residue 92) of the LBD of subunits A and C, and similarly positioned a second modeled DBD and linker adjacent to subunits B and D. This was done for the apoprotein and for the holoprotein (Fig. 7B and C respectively). Remarkably, in both structures, the two DNA fragments perfectly trace out a single arc. Furthermore, in the apoprotein, the two DNA binding sites lie far apart and a DNA fragment containing both sequences would have a high-angle DNA bend (Fig. 7B) . In contrast, in the holoprotein, the two DNA fragments lie close together and a DNA sequence containing both fragments would have a lower angle DNA bend (Fig. 7C ). These findings are fully consistent with the earlier studies that showed that the apoprotein binds a longer region of DNA than the holoprotein, and has a higher DNA bend angle (Wang et al., 1992; Wang and Winans, 1995a; Akakura and Winans, 2002a; Tsai et al., 2011) .
Discussion
In this study, we describe the quaternary structure of the OccR LBD in the presence and absence of octopine. It is interesting to note that the OccR tetramer interface is composed almost solely of hydrophobic interactions and must be held together by the burying of hydrophobic amino acid residues. It is reasonable to ask whether the tetramer interface described here is biologically important. We have two reasons to propose that this tetramer interface and its ligand-responsive pivot accurately represent the properties of the full-length protein. First, several other LTTRs have a similar tetramer interface (see below). The second and more compelling evidence is that the pivot proposed in this study fully accounts for a large body of biochemical data for this protein and for eight homologous proteins (Wang et al., 1992; Hryniewicz and Kredich, 1994; Toledano et al., 1994; Parsek et al., 1995; Ogawa et al., 1999; Clark et al., 2004; Dangel et al., 2005; Ezezika et al., 2006; Porrua et al., 2009) . As summarized in Fig. 7 , the observed pivot is fully consistent with our earlier observation that octopine shortens the DNase I footprint by 10 nucleotide pairs and decreases the angle of a DNA bend at the center of the binding site (Wang et al., 1992; Wang and Winans, 1995a; Akakura and Winans, 2002a) . It is tempting to speculate that at least some other LTTRs may adopt these two conformations by a similar pivot at their tetramer interfaces (see below).
At least 11 LTTRs are known to respond to their cognate inducers in vitro in ways that suggest a conserved mechanism of action. For example, Toledano et al. (1994) used DNase I footprinting and circular permutation assays to show that oxidized OxyR of Escherichia coli caused a high-angle DNA bend and a long footprint at the oxyS promoter, and that the reducing agent DTT shortened the footprint and relaxed the DNA bend (Toledano et al., 1994) . Similarly, Ezezika et al. (2006) showed that a combination of benzoate and muconate reduced the footprint length of BenM of A. baylyi, while muconate alone reduced the footprint length of CatM (Ezezika et al., 2006) . Hryniewicz and Kredich (1994) , used circular permutation assays to show that CysB of E. coli caused a high-angle DNA bend at the cysK and cysP promoters, and that this bend angle was decreased by the addition of the inducer N-acetyl-L-serine (Hryniewicz and Kredich, 1994) . Parsek et al. (1995) used DNase I footprinting and circular permutation assays to show that CatM of Pseudomonas putida caused a long footprint and high-angle DNA bend at the catBC promoter and that the ligand cis, cis-muconate shortened the footprint and relaxed the DNA bend (Parsek et al., 1995) . Porrua et al. (2009) used DNase I footprinting and circular permutation assays to show that AtzR apoprotein of P. putida caused a long footprint and high-angle DNA bend at the atzDEF promoter and that cyanuric acid shortened the footprint and relaxed the bend (Porrua et al., 2009) . Ogawa et al. (1999) used circular permutation assays to show that that CbnR apoprotein of R. eutropha caused a high-angle DNA bend and that the bend angle descreased upon addition of cis, cis-muconate (Ogawa et al., 1999) . Terazono et al. (2001) , used EMSA to show that DNA complexes containing CbbR apoprotein of Hydrogenophilus thermoluteolus retarded gel migration more strongly than complexes containing the holoprotein (Terazono et al., 2001) . Dubbs et al. (2004) , used DNase I footprinting to show that CbbR of Rhodobacter capsulatus protected more DNA footprint in the absense of ribulose-1,5-bisphosphate (RUBP) than in its presence. The footprint of another CbbR was reduced in length by fructose-1,6-bisphosphate, 3-phosphoglycerate and KH2PO4 (Dubbs et al., 2004) . Dangel et al. (2005) used EMSA to show that complexes containing CbbR of S. sphaeroides migrated more quickly as a holoprotein containing RuBP than as an apoprotein (Dangel et al., 2005) . van Keulen et al. (1998) used circular permutation assays to show that CbbR of Xanthobacter flavus caused a DNA bend at its binding site that was relaxed by the addition of NADPH (van Keulen et al., 1998) . The Nac protein of Klebsiella pneumoniae does not detect any ligand yet it binds to some promoters with a long footprint and high-angle bend, while binding other promoters with a shorter footprint and a low angle bend (Rosario et al., 2010) . A counter-example was described by Fisher and Long (1989) , who reported that DNase I footprint of NodD1 of Sinorhizobium meliloti was not affected by the addition of the flavonoid inducer luteolin (Fisher and Long, 1989) .
These conserved properties suggest functional conservation in response to ligands, but so far, the underlying mechanisms have been elusive. In several studies, the structures of apoproteins were compared to those of holoproteins. For example, full-length TsaR of Comamonas testosteroni was solved as a tetramer as an apoprotein and after soaking crystals with a solution containing the inducing ligand para-toluenesulfonate (TSA) (Monferrer et al., 2010) . TSA did not cause any global changes in structure. The LBD of BenM and CatM of A. baylyi were crystallized as apoproteins and after soaking of crystals with the inducers muconate and benzoate (Ezezika et al., 2007a) . Local changes were detected, but again no global changes were observed. DntR of Burkholderia sp. was crystallized as a dimer in the presence and absence of salicylate (Devesse et al., 2011) ; as in other studies, this ligand caused a localized contraction of nearby residues toward it, but did not cause any significant global change in structure. When apo-DntR, holo-DntR and a constitutive DntR mutant were compared by small angle x-ray scattering, the apoprotein had a smaller radius of gyration than the mutant protein or the holoprotein, suggesting a more compact conformation (Lerche et al., 2016) . The authors concluded that the ligand caused opening of the tetramer with the formation of a cavity. It was not clear how this model would fit the the sliding dimer that is seen with most LTTRs. In a second approach, the structures of LBD of BenM, CatM and AphR of wild type proteins were compared to those of constitutive mutants. No global differences were detected (Craven et al., 2009; Taylor et al., 2012) .
Several studies have described the structures of tetrameric forms of LTTRs, either of full-length proteins or of isolated LBDs (Muraoka et al., 2003; Smirnova et al., 2004; Monferrer et al., 2010; Ruangprasert et al., 2010; Taylor et al., 2012) . In three cases (BenM, CbnR and DntR), a dimer of the protein interacted with a second dimer at helix α10 of each. As described elsewhere, the angles at which these helices intersect in these three proteins are highly divergent (Ruangprasert et al., 2010) . In the CbnR apoprotein, the two helices intersect at a -86° angle, while in DntR they intersect at -129° and in the BenM apoprotein they intersect at -152°. While different proteins diverge in this property, in no case was it reported or speculated that any of them might pivot about this helix in response to a ligand.
We have superimposed the DBD of BenM and the bound DNA onto the tetrameric CbnR apoprotein in silico. In effect, this created a model of CbnR with two fragments of bound DNA. The two DNA fragments aligned to form a single arc with a low angle DNA bend (Sup. Fig. 2A) . It, therefore, closely resembles our modeled OccR holoprotein-DNA complex described above (although curiously the CbnR structure did not contain a ligand). We did the same modeling experiment using DntR. In this model, the two DNA fragments also aligned into a single arc, but were much further apart, and form a higher bend angle (Sup. Fig. 2B ). This closely resembled the modeled OccR apoprotein-DNA complex described above (though the bend angle is somewhat lower). We suspect that CbnR and DntR might show a ligand-responsive pivot between subunits similar to that of OccR and that the structures reported in these two studies showed just one of these two conformations.
As described above, DntR, CbnR, BenM and OccR show a tetramer interface that consists primarily or solely of helix α10. However, other LTTRs appear to have completely different quaternary structures (Monferrer et al., 2010; Zhou et al., 2010; Taylor et al., 2012; Jo et al., 2015) . In an elegant study of LTTR proteins by the Momany and Neidle groups, three different quaternary architectures were described (Ruangprasert et al., 2010) . In all three schemes, the LTTRs form tetramers. Proteins in Scheme I (exemplified by CbnR) have a tetramer interface that consists largely or entirely of helix α10 (Sup. Fig. 3A) , and each of these proteins could make a ligand-responsive pivot at this helix. Proteins in Scheme II (exemplified by ArgP), do not have any tetramer interface, as each dimer is separated from the opposite dimer by a sizeable cavity (Sup. Fig. 3B ). In Scheme III (of which there may be just one example), the LBD of each subunit makes extensive contacts with two other LBDs in the tetramer (not shown).
One feature common to many LTTRs is their ability to shorten or lengthen their DNA footprints in the presence or absence of ligand respectively. In essence, the two pairs of DNA recognition helices (magenta in Sup. Fig. 3 ) need to move closer to and further from each other. For Scheme I proteins, this could be accomplished by a swivel at helix α10, as described above. For Scheme II proteins, this movement might also be accomplished by a pivoting movement between LBD dimers, despite their lack of contact. However, for scheme III proteins, a pivoting movement between subunits is quite difficult to envision, and such proteins may respond to ligand in another way.
Although few if any other families of regulators have evolved properties similar to those of LTTRs, AraC is superficially similar in that it binds an intergenic region between two divergent promoters in the absence or presence of the ligand arabinose (Schleif, 2010) . AraC functions as a dimer whose LBDs bind the effector. In the holoprotein, the N termini of the protein fold over the ligands, fully enclosing them, while in the apoprotein the N termini are released and bind to the DBD of the opposite subunit, causing a DNA loop (Soisson et al., 1997; Weldon et al., 2007) . MerR-type regulators provide another example of transcription factors that remain promoter-bound both as apoproteins and as holoproteins. These dimeric proteins bind to promoters that have a non-canonical 19-nucleotide spacing between their -10 and -35 motifs. The holoproteins distort the promoter DNA to more optimally align the -10 and -35 promoter elements (Brown et al., 2003) .
Altered function mutations of OccR
In two previous studies, we described isolation of altered function alleles of OccR (Akakura and Winans, 2002b; Tsai et al., 2011) . In one study, 11-point mutants were isolated that block the activation of the occQ promoter in the presence of octopine (Tsai et al., 2011) . These mutations did not affect autorepression of the occR promoter, indicating that they do not prevent OccR accumulation, folding, or DNA binding. All but one of these mutants locked the protein into a conformation with biochemical properties similar to those of the apoprotein (Tsai et al., 2011) .
We can now attempt to interpret at the structural level how these mutations cause defects in gene activation. At least some of these mutants may alter either binding of octopine or could block the effects of octopine binding. For example, the Asp238Asn mutation (Sup. Fig. 4A ) could block octopine binding. In the wild type, protein Asp238 forms an ionic bond with the guanido group of octopine (Fig. 4B) , which would be missing in the mutant. Similarly, the Gly196Ser mutation could impair the movement of a loop that includes Thr195 and Thr197 (see Fig. 5A ). The movement of this loop is thought to be important for movement of helix α10, which triggers the large pivot of the two dimers at the tetramer interface.
In a separate study, constitutive mutations were identified that activate the occQ operon even in the absence of octopine (Akakura and Winans, 2002b) . The strongest of these mutants has a Ser123 substituted with Phe (Sup. Fig. 4B ). Ser123 of subunits A and D lie at the interface between these subunits that is closed in the apoprotein and which opens dramatically in the holoprotein (Fig. 6) . The mutation to a bulky residue in this interface may force these subunits apart, mimicking the holoprotein. Another strongly constitutive mutant has an Arg202Pro mutation (Sup Fig. 4B ). Arg202 lies precisely at the center of helix α10 (residues 198-205). The Arg202Pro mutation would disrupt this helix, and apparently this suffices to stabilize the conformation of the holoprotein.
Experimental procedures
Cloning and purification of OccR-LBD
Details of crystallization, data collection, structure determination and refinement are provided in Supplementary Information. Briefly, the OccR-LBD (92-298) gene was amplified from A. tumefaciens genomic strain R10 DNA using primers 5′-TACTTCCAATCC AATGCCACGCTCCGCATTGCTGCAATG-3′ and 5′-TTA TCCACTTCCAATG TTACTCCATTAGGCCGTTCTGCTT CAT-3′. The gene was cloned into plasmid pMCSG68, which encodes a TEV protease cleavage site and creates a construct with a cleavable His 6 -tag fused into the N-terminus of the target protein. The resulting plasmid was introduced into E. coli strain BL21-Gold(DE3). Cells were cultured in 2 liters of broth at 37°C to an OD 600 of 1 and protein expression was induced overnight with 0.5 mM IPTG in the presence of SeMet (90 mg L -1 of culture) at 18°C. Harvested cells were re-suspended in 35 ml per liter of culture of lysis buffer (50 mM HEPES pH 8.0, 500 mM NaCl, 20 mM imidazole, 10 mM β-mercaptoethanol and 5% v/v glycerol) and stored at -80°C. The thawed cells were lysed by sonication and the lysate was clarified by centrifugation filtered through a 0.45 μm filter. The filtrate was purified by immobilized metal affinity chromatography (IMAC) using a 5 ml HisTrap HP column charged with Ni +2 ions followed by buffer-exchange chromatography on a HiPrep 26/10 desalting column. The N-terminal His 6 -tag was cleaved using recombinant TEV protease which was incubated with the target protein at a mass ratio of 1:30 at 4°C for 48 h. The protein was then purified by applying a second IMAC step using the same Ni +2 ion-charged column. The flow-through and the wash fractions contain cleaved OccR-LBD. The purified protein was dialyzed and concentrated to 58 mg ml -1 .
Protein crystallization and data collection
Initial crystallization screens were set up robotically. The crystallization conditions for the proteins were screened using commercially available 96-well format screening kits including MCSG1-4 (Microlytic), PEG/Ion and Index (Hampton) by vapor diffusion in hanging drops by mixing 0.4 μl of the protein solution with 0.4 μl of reservoir solution. Optimal crystals were obtained using a buffer containing 100 mM Tris (pH 8.5) and 300 mM magnesium formate and equilibrated at 289°K over 135 μl of the same solution. Crystals were washed for a few seconds in reservoir solution plus 15% glycerol as a cryo-protectant, then flash-cooled in liquid nitrogen prior to data collection. The crystals of the OccR holoprotein complex were prepared by co-crystallization of the protein with 12.9 mM octopine (Sigma-Aldrich). Optimal crystals were obtained using a buffer containing 100 mM ammonium acetate, 100 mM Bis-Tris (pH 5.5), 17.5% (w/v) polyethylene glycol 10,000. These crystals were washed with the cryo-protectant solution consisting of crystallization buffer plus 15% ethylene glycol for a few seconds and flash-cooled in liquid nitrogen prior to data collection.
All diffraction data were collected at 100 K on the 19-ID beamline of the Structural Biology Center at the Advanced Photon Source, Argonne National Laboratory (Rosenbaum et al., 2006) . Single wavelength anomalous dispersion data near the selenium absorption peak (0.97925 Å) were collected from SeMet-substituted proteins. All diffraction data were processed by using the HKL3000 suite of programs (Minor et al., 2006) . Data collection statistics are summarized in Table 1 . The final structures and the data for the apoprotein, and the holoprotein were deposited in the PDB with PDBIDs of 5VVH, 5VVI respectively.
